INTRODUCTION
Consideration of the irreversible effects produced when a biological system is irradiated by ultrasound is of importance both for discussion of the safety level of , diagnostic applications of ultrasound, and of the potential use of ultrasound as a therapeutic agent. The details of the biological effects produced when living organisms, including human tissue, are irradiated by ultrasound, and the physical mechanisms that are involved have been recently reviewed by Reid and Sikov z and by Wells? The identified mechanisms are those sotfated with the heating which results from the absorption by the tissue of energy from the ultrasonic wave (thermal effects), and those associated with the presence, growth, resonance, and collapse of vaporous cavities (bubbles) in the tissue (cavitational effects).
There appear to be additional effects which are observed when experiments are performed in such a way as to minimize the possibility of heating or cavilalton occurring (nonthermal, noncavitational effects). Whereas it is relatively easy to monitor the prevention of thermal effects, the detection of eavitation cannot be achieved by measurement of a direct unique parameter, but relies on indirect effects? It is thus more difficult to be confident that no cavitational effects have been produced with a given irradiation procedure. 4
Cavitation phenomena in liquids have been reviewed in detail by Flynn s and it is well known that the threshold for the onset of eavitation depends on frequency, pulse length, temperature, pressure, viscosity, and the amount of gas dissolved in the liquid.
The work described in the present paper is concerned with the calculation of the thresholds (in terms of peak acoustic pressure) of the incident ultrasonic wave at which stable cavitation may be induced and rectified digfusion may begin. 
I. THE PRESENCE AND STABILIZATION OF GAS

Harvey and his associates have reported a? a com-
prehensive histological study of bubble formation in animals post mortcm. The animals had died as a result of decompression sickness and bubbles were found within the vascular system (in blood vessels), extravascularly (especially in fatty tissues) and also within cells and other fluid-filled spaces. Rubissow and Mackay aa have confirmed the existence of the bubbles in human tissue during decompression. With a frequency of 7.5 MHz they were able, on a pulsed scanning system to detect bubbles from 0.5-5 txm in diameter. Gramiak and ,qhab a9 have report6d echoes from blood passing through the human heart, some of which they ascribed to tiny gas bubbles. A number of hypotheses for the generation and stabilization of gas nuclei have been proposed•J.ao-•9 Crum• demonstrated that a Harvey-type model can lead to accurate prediction of the caviltrion threshold in water. A fairly comprehensive review of stabilization mechanisms for gas-cavitation nuclei was recently given by Yount, "s who also suggested a novel model for stabilizing gas nuclei, based on surface activeskins of varying permeability.
II. THE BUBBLE MODEL
Under the influence of an ultrasonic wave, gaseous bubbles in biological tissue may begin to oscillate. This oscillation may introduce significant stresses in the vicinity of the bubbles and, at a certain displacement amplitude of the bubble surface, may result in btologt-. cal effects. It is therefore essential to assess the levels of displacement amplitudes which may be potentially harmful.
The amplitude of displacement of the bubble wall depends on the bubble radius and the ultrasound frequencies employed. The exact size distribution of the microbubbles in a biological system is as yet unknown. However, the existing experimental evidence indicates that the bubble sizes are most pi:obably in the range from 0. in reinforced biological effect, it is important ,to attempt to identify the acoustic conditions under which rectified diffusion may be induced. It is here appropriate to note that Eq. (1) is valid for a free b•bble. It is recognized that the tiny gas bodies existing within the tissue may have arbitrary shapes and that their motion may be restricted due to the surrounding cells. From the recent analysis of Miller, 2s who derived a modified expression for calculation of the resonance frequency of the gas volumes to account for the deviation of the bubble from its spherical shape and for motion restriction it appears that this modified expression will only lead to resonance frequency somewhat different from that obtained from Eq. (1). This difference has a negligible effect on the present work calculation.
III. ACOUSTIC THRESHOLDS FOR THE OCCURRENCE OF RECTIFIED DIFFUSION
Two mechanisms (which may be related) have been suggested for rectified diffusion in the presence of an ultrasonic field. The simplest argument is that during the haft-period of rarefaction (decreased pressure), the concentration of the gas within the bubble increases as gas diffuses into it, while during the compression phase gas diffuses out of the bubble. Since the a.mount of gas diffused is proportional to the area of the bubble, more gas will diffuse in during rarefaction than diffuses out in compression, thus causing the bubble to grow.
The more sophisticated discussion of Elier and Flynn, 43 uses the fact that the rate of diffusion of gas in the liquid is proportional to the gradient of the concentration of dissolved gas. When the bubble contracts the thickness pf a spherical shell of liquid surrounding the bubble increases, and since this reduces the concentration gradient of gas in the liquid, the rate of diffusion of gas towards the bubble increases, and the bubble will thus grow. and 4 that the expressions predict the lowest thresholds at frequencies which deviate slightly from the linear resonant frequencies fo (Fig. 2) . 3 (line A) and Fig. 4 (line B) Table I . The shear stresses associated with the velocity gradients in the acoustically induced flow field around the pulsating bubble influencing the bubble environment (cell membrane) will be discussed in the separate paper. ss V. CONCLUSION From the foregoing discussion it can be concluded not only that microbubbles are likely to exist in some living tissues (and in blood in particular), but also that resonant bubbles may be expected to play a significant role in the interaction between ultrasound and biological tissue. In the fields generated by currently available diagnostic devices operating in the continuous wave mode, the bubbles may, by a process of rectified diffusion, grow into resonant bubbles in the size range 2-3.5 •m.
The mathematical theory describing the process of rectified diffusion has been given in detail by
The discrepancy between the results from the two theoretical expressions used indicates that a more sophisticated theoretical development may be needed. However, it is relevant to mention the other prerequisites 
